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Abstract 

Cytokinins, a group of mobile phytohormones, play an 
important role in plant growth and development, and 
their activity is finely controlled by environmental 
factors in the, control of morphogenic and metabolic 
adaptations. Inorganic nitrogen sources, such as 
nitrate, are a major factor regulating gene expression 
of adenosine phosphate-isopentenyltransferase (IPT), 
a key enzyme of cytokinin biosynthesis. Modulation 
of. /FT and macronutrlent transporter gene expression 
in response to nitrate, sulphate and phosphate, and 
cytokinin-dependent repression of the transporter 
genes suggest lhal cytokinins play a critical roie in 
balancing acquisition and distribution of macro- 
nutrients. Biased distribution of frans-zeatin (tZ)-type 
cytokinins in xyiem and /V 6 -(A 2 -isopentenyl)adentne 
(iP)-type cytokinins in phloem saps suggest that, in 
addition to acting as ioca! signals, cytokinins commu- 
nicate acropetai and systemic long-distance signals, 
and that structural side chain variations mediate 
different biological messages. The compartmentaiiza- 
tion of tZ- and IP-type cytokinins Implies the involve- 
ment of a selective transport system. Recent studies 
have raised the possibility of subsets of the purine 
permease family as a transporter of cytokinin nueleo- 
bases and equilibrative nucleoside transporters {BUT} 
for cytokinin nucleosides. These biochemical and trans- 
genic data suggest that AtENT6, an Arabidopsis ENT, 
could also participate in cytokinin nucleoside transport 
with a preference for IP riboside in vascular tissue. 
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introduction . , 

Ceil division and differentiation take place in shoot and 
root meristems. Axes of cell division, tissue differentia- 
lion, and the subsequent elongation and expansion of cells 
ultimately determine the plant's shape: Regulation of 
: these morphogenic events is influenced by environmental' 
factors 'such as light, water, and nutrition. As a result; 
plant shape differs depending upon growth conditions,, and 
individual plants form a unique shape within the genetic 
and developmental constraints of the species to take best- 
advantage of its environment. To organize and maintain 
its body plan, plants must maintain the basic functions of 
the meristems and, at the same time, modulate their mor- 
phogenic 3iu i is in rcsp >nse to environ- 
mental stimuli. Environmental conditions arc transduced 
by a diverse ! w>; > a n " u v, s as metab^iu-'s 
phytohormones. peptide hormones, and RNA. some of 
which are transported through the plant via xyiem vessels 
and sieve tubes. 

Cytokinins are a group of mobile phytohormones that 
play a critical roie in plant growth and development by 
regulating leaf senescence < and Amasino, 1995; Kim 
et ai, 2006), apical dominance (Sachs and Thimann, 
1967; Tanaka et ai, 2006), root proliferation (Werner 
et al, 2001), phyllotaxts (Giulini et ai, 2004), reproduc- 
tive competence (Ashikari et ai, 2005), and nutritional 
signalling (Takei et ai, 2001 b. 2002). Recent studies on 
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metabolism and translocation, 
cytokines as loud and long- 



function (Werner et al., 2003; Higuchi et al., 2004; 
Leibfried et al, 2005; Kurakawa et k, 2007) and in the 
modulation <»i i ! u< , a s n response 

0 onvironi i i i a a I i va 
ef «/ i i list) ereni n 

'There is mounting evidence oi complementary regit la- 
tion between macromuii-nts ,uyi ■ ytokinins for nutrient 

1 dlii llKll and i ] 1 ^ li ! d: '1 II ill reg'OOae K; 

envuonmemal k i (S > 7 a i a ef «/., 2002, 2004, 
2005; (Vhnuyanafo .;i..a in;;; ' 2; « > fo: >.a a! iha.ra 

<rf «/., 2006). Translocation of cytokithns is apparently 
mediated by subsets of purine permeases and nucleoside 
sranspoiuas h\ ahating tuo purine aaai lite ngat conjugate 
transport systems, respectively (Giiiissen et al., 2000; 
Burkle eta!., 2003; Hirose et a!., 2005). The question thus 
arises as to how a plant regulates cytokinin biosynthesis 
and distribution in response to internal and external 



Current model of cytokinin biosynthesis pathway 

The naturally occurring cytokines tra/tt-zeatio (tZ), A' 6 - 
(A 2 isope itei if i / nd <. hydto 

zeatin (DZ) are widely found in higher plant species (Mok 
and Mok, 2001; Fig, lb These cytokines differ in side 
chain structures, hydroxylation al the side chain terminus, 
and in the st-- efosomenc sitioi nd saturation of the iso 
prenoid side chain (Fig. t). Among the four species, tZ and 
iP are most conanon in plant*, but the physiological mean- 
ing of the differences in side chain structure are unclear. 

The inuial step ot cytokinin biosynthesis, is catalysed 
by adenosine phosphafe-tsopeotenyltransferuse (IPT). In 
higher plants, the major initial product is an iP nucleotide, 
such as iP riboside 5' --triphosphate (iPRTPj or IP riboside 
5 '-diphosphate (iPRDP) because the IPT predominantly 
uses dimethylallyl diphosphate (DMAPP) and ATP 
or ADP (Kakimoto. 2001; Sakakibara et al... 2005). In 
Arabidopsis, iP nucleotides are converted into • tZ 
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nucleotides by cytochrome P450 mono-oxygenases 
CYP735A1 and CYP735A2 (Takei et al, 20046; Fig. 1). 
To become biologically active, iP- and •Z-nucieoiides are 
1.0 i erted i 1 i ) h 

deobos) latlon but gen -S em oding the nucleotidase (< hen 
and Kristopeit. 198 la) and nucleosidase (Chen and 
Kristopeit, 198KV) have not yet been identified. Recently, 
a novel pathway was Identified that directly releases active 
eytokinin from the nucleotide, catalysed by the cytokiiiin 
nucleoside r> ' -j s;- > ! n -uM- >-.pJ u-ie pbosohutibohvdrolase called 
LOG (Kurakawa et al, 2007; Fig. I ). Thus, it is likely that 
there are at least two eytokinin activation pathways in 
plants, although any functional differentiation between the 
pathways remains to be clarified. 



Physiological differentiation of IPTs 

IPT is encoded by a small multi 



et al, 2002) 
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ttit; mum-gene Jamiiv m / 
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the individui 
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led that AtlPTS, which is 
the phloem, is up-regulated 
, 2004; Takei et al, 2004c). 
imulation of eytokinin was 
greatly reduced in an ipt3 mutant, indicating that AtIPT3 . 
is responsible I'm mmitc-dcpvuben: (. > mkime siox>n;iu : :s 
(Takei et al, 2004a). An AtlPTS promoter-reporter 
construct in transgenic Arabidopsis showed that the 
response is transcript !•>! lb ; i rdon, '•' \ : Miyawaki 
et al, 2004). Other macronutrients, such as sulphate and 
phosphate also modulate the accumulation of AiJP'l'S 
transcripts (Fig. 2B). Genome-wide nueroatray assays 
indicate that eytokinin application significantly represses 
genes for subst tacronut ts nit ate, sulphate, 
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phosphate), transporters 
■/., 2005) and rice (Hirose 



repn 



the 



uiphate ;i 
- 20! 13. 



renria; 



instance exp ' I Hi s a high 

affinity nitrate transporter and also as a key regulator of 
root system architecture, is indu' eel by nitrate but 

i< p c i ! 1 i_ i ! t 'I I, '( i 

er a/., 2004; Brenner a/., 2005). Expression of the 
suipiLifi fi.mv rj' :././.'/■•// .re s/ <;/.'/ a 
phosphate li/u \< • >'iii ' i i ' m j by sulphate 
and phosphate starvation, respectively, but are down- 
regulated by the application o: re tre i o ! re.nco-Zorrilla 
it a/., 2002, 2004, 2005; Maruyama-Nakashita e/ «/„ 
20046). Differential regulation of transporter genes by 
their substrates, up-regulation of IPT by maeronurrients, 
and the tep; ss i i ; n -> t ikinin imply 

ii a i ^ in , k« alt ^ i i i to 

maintain acquisition balance among the macronatrients 
(Fig. 2C). hi id I lion ! - sp n re \ i u patterns of 
transporter genes (i.e. NRT2:! and SUIJ'R! ;2 in epider- 
mal and cortical cell i i * k ishtta et al, 2004/?; 
Nazoa et al, 2003) do not always overlap with AtIPT3 
(i.e.. phloem; Miyawaki et ai, 2004; Takei et a!., 2004a). 
Thus, a cytokirtin transport 1 -i i . . involved in 



On the other hand, AtlPTJ 
a KNOX-type regulator, wh 
tnainta the shoot apical 
(.lasinski et al, 2005; Yanai et 
OslPTS in rice (Sakamoto et 



positively controlled by 
functions to form and 
a (SAM) in Arahidopsts 

2005) , and OsIPTl and 

2006) . The response of 



different sets of IPTs to nutrition status and transcriptional 
i in sols i . s i s ^ i i 1 
either to produce cytokinins in response to macronutrients 
to modulate i n > i i ioip re reo or to supply 
a basic level of cytokinin to maintain SAM function. The 
nutrient-dependent regulation of AUPT3 in phloem would 
have an additive effect on the SAM to fine-tune hormone 
action for nm re ■ > 1 plation. 



Cytokinin as focal and !ong-distance signals 

The spatial e s i r ] of promoter-reporter gene 

iu so i in ti msre k . n shire ^ >. 1 > 

nin biosynthesis (i.e. AtlPT; Miyawaki et al., 2004; Takei 
et al, 2004a d ih Wcof, AtCKX; 

Werner et a!., 2003, 2006), and signalling (response 
regulator, ARR', Mason et al., 2004; ferreira and Kieber, 
2005) mritvate tlu re n ^ <,nthesized, 

It/A distant she.-. < typa response to 

conditional induction of ipi in tobacco supports the idea 




a studies at promoter :GUS (Miyawaki 
' (Takei el at.. 2004a) fusions olVU.'fTs 
■■! ai.. 2000: Ki!>;i ■:; ai., 2002, 
ex, 2005; Yokoy^.riii ■■</.. 2007), Type B ARRs 
a et ai., 200-t: Tajima re re.. 2004). and 4/OOCs (posi; 
'.. 200.. 2006), 



that local induction ot Agrobacterium IPT expression in 
lateral buds causes the growth of single buds, but only at 
the site of induction (Faiss et al, 1997). 

Cytokinins have also been thought to act as a long- 
distance signal because it was found in the xylem sap of 
several different plants (Yang et al, 2000; Morris et ah, 
2001; Takei et al, 200! ft; Kuroha et al. 2002; Kudoyar- 
ova el al, 2007). Thus far, the major forms of cytokinin in 
xylem sap are the tZ-type cytokinins. such as tZ riboside 
(tZR). Expression anlw > CYP735AI and CYP735A2 
suggests that CYP735A2. which is the major one, is 
predominantly expressed in root . and onb, faim expres- 
sion is observed in aerial parts (Takei re al, 20046). These 
results suggest that roots are a major site of tZ production, 
and that iZR plays a role as a" root-to-shoot acropetal 
s i I \ • s s , v'oMrun in xylem and 

phloem sap of Arabklopsis support this idea (Table f). 
X} sap pi relet co re cytok inns. 
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Table L Bias J T Z-typ t Arab 

% en il i were collected from Xrabidopsis plants grown on Rockfiber blocks (Nittobc Tokyo) by , nil ) 

i | , I -r c,Mt'vK h 1 i i - F>p L ' c> in i )tf<i 

!, i I Ml i i i 1 I i i i< ' ' d 

Oilier abbreviations are as in the text. 



Compound 


Xylan sap (xylem exudate) 




Phloem sap no .i exedaie; 








Exp, 2 


Exp. 1 


Exp. 2 




(friioi plan 1 ."' h" ') 


(fillie ():•:!!• : h 


(ftnol leaf " s h"') 


(ftnol lear 1 h~ ! ) 


iP 


2.9 


5.2 


0.1 


0.5 


iPR 


5.3 


15.1 


15.2 


9.4 


tz 


4.1 


30,4 


n.d. 


0.3 


tZR 


65.1 


64.3 


0.8 


1.0 


cZ 


6,7 


2.6 


0.3 


1.0 


cZR 


9.7 


4.9 


7.6 


17.3 




(raM) 


(tvdvi) 


(mM) 


(:iiM) 






n.d. 




2.61 


i 




0,12 




0.88 


Nitrate 




21.5 




n.d. 



and phloem sap predominantly contains iP-type and 
cZ-type cytokinins. Biased distribution of iP-type cytoki- 
nins in phloem sap has also been reported (Corbesier et ah, 
2003). Phloem cytokinins might 1 unction as a basipetal or 
as a systemic signal. Such com re , Mi .reon might be 
needed for plant cells to recognize the direction of signal 
i I ill" refinins. 

Resu'ts tit » that there 

is feedback regulation of xylem sap cytokinins (i.e. tZR) 
by some, long-distance signal that moves from shoot to., 
root (Beveridge et a!., 1997; Foo et ah, 2007). The rms4 
mutant in p< 1 i increased 

shoot branching, -has lower concentrations of tZR in the 
xylem sap (Beveridge et ah. 19 l >7). Grafting experiments 
showed that the regulator. M'»n.t' ^nncs from the shoot 
(Beveridge et ah, 1997). The homeostatic mechanisms 
that control xylem cytokinin levels appear to be common 

chemical nature oi the shoot-to-roof signalling sub lance 
is not clear, it will be essentia! to characterize the long- 
distance signalling system to understand the biological 
importance of xylem and phloem cytokinins. 



LIgancf preference of cytokinin receptors 

At present, the biological significance of compartmentai- 
i ration of iZ-type and iP-type cytokinins. in the xylem and 
phloen is tin ear. Ho differences in the ligand 

|id>iu\ iP i\ I,' i v J, >nu , s 

\} k Hhm i I ' Aol M ib« . 

2000; Inone et ah, 2001; .Suzuki et ah, 2001; Ueguchi 
et aL, 2001; Yamada et ah, 2001). In an assay for 
receptor-ligand affinity using art Escherichia coli expres- 
sion syst n (S < tov et ah, 2005), 
both. AHK3 and AHK4/CRE 1/WOL bound tZ with 



AHK 



at! i 



to ip i \, Rl \v(. ! \ id I a Mit 

Romanov et ah, 2006). It is noteworthy that AHK3 is 
expressed predominantly in shoots and AHK4ICRE1IWOL 
is expressed ptvdominanUj in roots (Higuchi et ah, 2004; 
Nishimura et ah, 2004) Such different properties could 
confer specialized functions on the receptors, and make 
sense of the role that side chain variations play in 



for cytokinin transporters 

Biased distribution of tZ and IP between xylem and 
phloem implies that some system organizes the appropri- 
ate distribution of cytokinin species it) the plant body. 
Although the main route of cytokinin biosynthesis is 
catalysed by enzymes that specifically react to the 
cytokinin substrates (i.e. ITT, CYP735A, LOG, CKX; 
Fig. 1), it is assumed that some components of this 
metabolic pat wa$ as let i daily shared with purine 
metabolism, such as the purine salvage pathway (Chen, 
1997; Mok and Mok, 200!: Sakakibara, 2006) and the 
specialize 3 1 a repel and d stt I < i i ^ould be no 
exception. Some members of the Arabidopsis purine 
permease (PUP) family. PUP! and PUP2, mediate the 
import of adenine, caffein 



such i 
Tm 



Mb 



Wi .V; 
/: Hin 



■hT- 



homologrm .re re ! i J> i pie- sect in lea: 
vascular bundles and ih ren ssut ie 5 > 

adenosine and other nucleosides, including IP riboside 
(iPR), anri has a higher affim > ' "/. 
et ah, 2005). However, there has been no parallel 
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biochemical evaluation of EN1 involvemenl in cytokinin 
nucleoside transport in Arabidopsh Thus ihe properties 

Of i \ Jl l (I \ lll'kosuk t s 1 - 

examined (Fig, 4). It bad been shown that AtENT3, 
A.IENT6, < id \J NT7 mediate ; transport of nucleo- 
sides such as adenosine and uridine (Wonnif et al., 2004). 

' I ] I ! ' ^ ' s , 

i i ii 2005 i 1 1 S 

inhibition ol adenosine import by i PR was observed in 

\tl Nifi n k > resist fiN v h i > > /R > k , 
effective (Fig 4A), The K m values are consistent with 
this assay ; 17 pM for iPR (Fig. 4B) and 630 uM for tZR 
(Fig, 4C), which are similar to the kinetic parameter* of 
OsENT2 (32 pM for iPR and 660 uM for tZR; Hirose 
et al., 2005). The inhibitory effects of cytokinin nucleo- 
sides nn .ak \ i n- > s i \t! \ 3 i tm 
AtENT7-expressing yeast ceils. These biochemical data 

i i"]i(3 r pare in iPR transport, 

and that tin h i > n 1 \ ! rPR than for 

t/R i 3) ii i it i • « 

of iP and tZ-type cytokiuins. A transgenic Arabidopsis 
line harbouring AtKNT6 promoter-GUS showed that 
AtENT6. is expressed in root, leaf, and flower vasculatures, 
and also in stomata (Fig. 4D-H), suggesting the in- 
volvement i 1 1 I x i n l ) distan nansport of 
nucleosides. . ■ 

Since PUP and ENT both have high affinity with 
adenine (AtPUPl, K m =30 pM; Gillissen et al, 2001; 
AtPUP2, K m =23 pM; Biirkle et al, 2003) and adenosine 
(AtENT6, .Ar ni =3 uM;. Wormit et al, 2004), these trans- 
porters could mediate the transport of both canonical 
purines, and nucleosides. Further studies using loss-of- 
function mutants should provide defmitn » id n ■ 1 oi tl s. 
physiological role of cytokinin nucleoside transport 
candidates. 
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it staining Root (O), cotyledon (E), rescue teat' (F). close-up of 
a rosette leaf (G), and flower (H). 
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Concluding remarks 

It- ;iiis 3-n.-'--c, trie itxcr- le-. beeit v'li recent developments 
in She exploit , o * < rr siv L- 1 e> •mpartmen- 
talization, and translocation. The spatial expression pat- 
terns of cytokiniii metabolic genes and the biased 
distribution of tZ arid iP-type cytokiniii in vascular 
transpoitn.g _ ^ i < i 1 s act 



-dis 



nd t 



iide 



pt; 



tlized ; 



i or ifiei.net 

i !> I V ! Oil)} ! tk 1 

piosi\ , n I i j s ioct-'d t ( ii u and 
receptor, or whether there is a more subtle role for 
molecular -n < i d ! j i j 1 \ < < i on between 
nitrogen nutrition and cytokinins was demonstrated more 
than 35 years ago (Wagner and Michael, 1971), and 
xylem cytokinins have been thought to represent cytoki- 
nin-met hated long dist.iik e :dtn -oeri > < > li e Pievkms 
studies demonstrated that translocation of xylem eytokinin 
is increased in response to nitrogen status (Rahayu et ah, 
2005; Takei et al, 200)6). However, a recent discussion 
proposed t \ r > tin export is 

one mechanism involved in co-ordinating leaf growth 
responses to nitrogen deprivation (Dead and Beveridge, 
2006). The expression pattern of A/.IPT3, which responds 
to nitrate in both root and shoot phloem, might support the 
idea that n > ilej ndent synthesis of cytokinins 
occurs not only roots, but also in leaves. Thus, local 
eytokinin synthesis primarily would be important • as 
t cespt ^i- t > m li in; tns. Mo scylcm-bprin 
cytokinins must have a specialized role for' regulating 
plant growth and development. The two pathways might 
co-operatively regulate plant growth and development in 
response to environmental changes. 

Genetic tools that can be used to analyse eytokinin 
metabolism and translocation are becoming available, and 
further studies i , \ i involved in 

eytokinin metabolism and translocation will probably 
provide the clues to ansv/ei se import i iuestions. 
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